Hydraulic Pump sumps are designed to provide a swirl free flow to the pump. The degree of swirl is measured in physical model tests using a swirl meter and a quantity known as swirl angle is generally measured. The present paper presents a novel method to compute the bulk swirl angle using the local velocity field obtained from computational fluid dynamics data. The basis for the present method is the conservation of angular momentum conservation. By carrying out both numerical and experimental studies the novel swirl angle calculation method is validated.
Introduction
Hydraulic pump sumps commonly used in circulating water cooling systems for power generation plants are required to be designed appropriately as it greatly influences the performance of the pumps and their efficiency. A non-uniform approach flow can cause the fluid in the pump intake pipe to swirl. This swirling flow if ingested by the pump can cause noise and vibration, thereby increasing the operational and maintenance costs [1] . A typical multi-intake pump sump consists of multiple inlet channels, a transition region, forebay and pump bay areas.
Standards have been evolved for the design of the pump intake by Hydraulic Institute [2] for its satisfactory performance. Hydraulic Institute [2] has also suggested a procedure to perform scaled model tests and assess the quality of flow in the intake pipe using a swirl meter and recommends the measured swirl angles to be limited to less than a prescribed limit. Often due to some constraints in the construction site, certain compromises have to be made that may require some deviations from the suggested dimensions for the pump intake. In such cases, scaled physical model tests are carried put to ensure the adequacy of the design.
The pump sump has been studied experimentally using scaled model laboratory tests [3] [4] [5] [6] [7] . Such laboratory tests have helped in understanding the vortex formation process, but they are expensive and take time to construct and operate. Further, detailed velocity fields, which would help the engineers to evolve better design of pump sumps, cannot be obtained in experiments.
The advancement in high speed computing and development of robust turbulence modelling techniques as well as evolution of accurate numerical algorithms in the last few years have led to the development of Computational Fluid Dynamics (CFD) codes. These have provided an alternative means to study the hydraulic flow characteristics of pump sumps. There have been several studies [8] [9] [10] [11] [12] in the application of CFD to model flows in pump sumps. These studies have been conducted for idealized single intake rectangular geometry. Practical pump sumps however have multiple-intakes and the disturbances in the forebay diffusion area may be carried to the pump thereby altering the flow patterns and inducement of swirls at the pump inlet. While the studies [8] [9] [10] [11] [12] have identified the regions of vortex formation and compared them with experiments and described swirl qualitatively (with streamlines), quantification of the swirl in terms of swirl angles that enables comparison of the numerical results with the field data has not been made.
Chen and Guo [14] have conducted simulations in the pump sump where the forebay diffusion area was also modeled. The results were benchmarked by comparing the velocity profiles at various locations with the experimental results. The flow was qualitatively analyzed by studying the streamlines and vector plots at various locations in the pump sump. However quantitative results in terms of swirl angles at the pump inlet were not presented. Desmukh et al [15] have conducted simulations on multi-intake hydraulic structures and qualitatively analyzed the flow structure. However rigorous benchmarking of the simulation with experiments was not carried out.
From the current literature, it is observed that there is a gap between the way pump sumps are qualified by physical model tests and computation methods. While the former gives a simple elegant quantitative measure for swirl in the intake the later appear to use qualitative measures. It is also surprising that such a void exits considering that these techniques have been coexisting for over two decades.
The objective of the present work is to close this gap by evolving a method to quantify the swirl angle as used by Hydraulic Institute from the velocity field obtained from CFD. The CFD analysis is carried out in the commercial code Fluent. This has been made from first principles by using conservation of angular momentum. This method has been qualified using field tests carried out at Indian Institute of Technology, Bombay. The paper also provides some of the guidelines on the corrective actions that can be implemented to minimize the swirl angles.
CFD Methodology
The flow and the pressure fields in the pump sump are analyzed by numerically solving the full three-dimensional Reynolds Averaged Navier Stokes equation (RANS) using the commercial code Fluent.
Governing equations
The governing equations namely the continuity and Reynolds averaged momentum equations are 
The effective viscosity µ eff is computed using the two equations model (k -ε) model of Launder and Spalding [16] . The equations for the turbulence kinetic energy (k) and its dissipation rate (ε)
Here G k represents the generation of turbulence kinetic energy due to the mean velocity gradients. The values of the constants σ k , C 1, C 2 are those which are reported in Launder and
Spalding [16] .
Swirl angle calculation
Swirl angle is an important parameter to determine the quality of the flow ingested by the pumps.
Hydraulic Institute [2] prescribes the method that needs to be employed for estimating this parameter. Experimentally the swirl is measured using a swirl meter shown in figure The revolutions per unit time of the swirl meter are measured, and the swirl angle is then computed as
Here ω, r are the angular velocity and the radius of the vortimeter and ̅ is the average axial velocity in the pipe.
The physical principle used in the estimation of the bulk swirl angle in the present work is that in the absence of torque the angular momentum in a given direction will be preserved. As there will be distribution of angular momentum, the total angular momentum P can be computed as
The bulk angular velocity can be obtained by the equation
In order to reduce the equation 9 in terms of the velocity field provided by CFD, the following methodology is adopted. Fluent provides the Cartesian velocity distributions of u, v, w in the x, y, and z directions respectively. In the present work the coordinate system has been chosen so that y direction represents the axial flow direction in the pipe (refer figure 1) . By equating the y component of the angular momentum P in equation 8 and 9 the bulk angular momentum in y direction can be obtained after some simplification as 
Having obtained the angular velocity in the axial direction from equation 9, the swirl angle can be computed using equation 7.
Model Description
The multi-intake sump model used in the present study is shown in figure 2 . This model has two intakes/inlets, which feed water to the common intake channel. The intakes have been designed with sufficient length to allow the flow to become fully developed and eliminate any adverse effects on approach flow distributions. The water from the intake channel then enters the transition area. In the transition area, the depth of the channel is gradually increased to the depth of the forebay area. The depth of the forebay is designed keeping in mind the required minimum submergence value as per [2] . In the forbay diffusion area width is gradually increased, to decrase the approach velocities to the pumpbay. Hydraulic Institute [2] recommends that the maximum approach velocities be limited to 0.5m/s to prevent the formation of air core vortices.
The water then enters the pump intake pipe after being trained by the curtain wall. The dimensions of pump sump are shown in figures 2a and 2b. The dimensions in figure 2 are marked in terms of the pump bell diameter. In the CFD simulations the intake pumps have been modeled with zero thickness based on the work Li et al. [16] who report negligile influence of the pump wall thickness on the computed flow characterstics.
Experimental setup
Experiments were conducted on the model and the results were obtained in terms of velocity distributions and swirl angle variation. The sump was constructed of MS and acrylic sheet for visibility and to study the flow pattern. The sides and bottom of the pump chamber was provided with clear acrylic sheet for proper flow visualization. The sides and bottom of sump chamber was modeled with MS plate. The sump chamber sides and inlet channel to sump were made out of MS sheets. The suction bell mouth was made using acrylic material. The individual pumps were designed as siphon pipes with valves to control the flow. The discharge from the siphon pipes were received in the downstream tank and returned to the upstream tank by pumps. The model was setup on an elevated platform to get a pressure head of approximately 3m for siphoning of water to simulate the pumping.
Computational mesh
The CAD model for the flow domain was made using Solidworks software and the mesh was created using ANSYS mesh generating software. Hybrid meshes consisting of both hexahedral and tetrahedral meshes were employed. Figure 3 shows the mesh employed in the present study. A total of 1.6 million cells were used in the present work. Since the standard wall functions [16] were used, the y+ was ensured to be within the acceptable range of 30 to 300.
Boundary conditions
The inlet discharge is specified as a mass flow rate and the intake pipe outlet is modeled as a pressure outlet. The Reynolds number at each of the inlets is 400,000 to simulate actual rated pump characteristics. The inflow boundary condition is treated as uniform. The water-air free surface is modeled as a shear free impenetrable wall. While strictly one needs to include free surface effects by using the volume of fluid method, it multiplies computational complications.
Hence as an engineering approximation the free surface is usually modelled as a free shear wall. 
Solution Schemes
The pressure based incompressible solver is employed in the present study. The pressure velocity coupling is carried-out using SIMPLE algorithm [17] . The iteration was carried till the scaled residues fell below 10 -4 to ensure proper convergence. Convergence was further ensured by computing the global mass balance. The spatial discretization schemes employed for pressure, momentum, turbulent dissipation rate and turbulent kinetic energy are summarized in Table 1 .
CFD Validation study
To validate the CFD methodlogy employed in the present work the numerical velocity profiles at various locations were compared with the experimental results conducted in Hydraulics lab of Indian Institute of Techlology Bombay using the setup described in section 3. 
Results and Discussions
The simulation and experiments were performed for three cases of operating pumps: (a) all pump working, (b) two pump working, (c) single pump working. The velocity streamlines are plotted for the case when all the pumps are working in figure 4 . It can be seen form figure 7(a) that the flow enters form the two inlets channel smoothly. Due to the diverging section in the transition zone the flow separates as shown in figure 7(b) . The water is further slowed down in the forebay area due the increased cross section. This creates disturbances in the pump bay area as evident by the chaotic streamlines observed in figure 7(b) . Most of the chaotic motion however is killed as the flow enters the pump bay area. The streamlines near the pump intake pipe (refer figure 7(b)) indicate a swirling motion. The swirl angles were calculated numerically by the method described in section 2.2. The swirl angles at 4 diameter distance from the pump bell entrance computed from the numerical simulations and experimental results are summarized in table 3.
The close match between the computed and measured results validates the swirl angle methodology described in section 2.2
Effectiveness of vortex suppression devices in reducing swirl
The swirl angle reported in the tables 3 show that the maximum swirl angle is 4.36 o . This is close to the maximum swirl angle limit of 5 o suggested by Hydraulic Institute [2] . Vortex suppression device can be used to supress the swirling motion in the pump suction. The vortex breaker designed based on [2] is shown in figure 9 is used in the present work. 
Conclusion
A new method has been presented to calculate swirl angles from the velocity field obtained from CFD to a single value which is consistent with the HI standard method [2] . 
